The method of using measurements of magnetic saturation intensity of annealed iron-nickel alloys for the determination of the equilibrium phase boundaries, as demonstrated by Pickles & Sucksmith, has been extended. The phase diagram of the system has been determined accurately between 525 and 365° C. The mechanism of phase segregation from the single-phase a-state has been studied, where it was found that contrary to the usual case, one of the phases crystallizes out in its equilibrium concentration whilst the residue of the alloy progressively and uniformly approaches equilibrium composition. It was possible to study and express quantitatively the rate of attainment of equilibrium, and on evidence obtained in this way the view is based that the lower practical limit of temperature where the equilibrium diagram can be studied by annealing experiments has been reached.
I n t r o d u c t io n
In a recent paper Pickles & Sucksmith (1940) described an investigation of the magnetic properties of the two-phase iron-nickel alloys. Magnetic measurements showed the existence of a two-phase field and the phase diagram above 450° C was determined. The relations between the magnetization temperature curves and phase changes suggested that the magnetic method of investigating the phase diagram was capable of being extended to lower temperatures, if a method could be evolved which allowed the extrapolation to equilibrium conditions from inter mediate stages of phase segregation. It was therefore the object of the present work to study the mechanism and kinetics of phase changes in the iron-nickel system and to extend the phase diagram so far as possible to lower temperatures.
K . H o s e litz a n d W . S u ck sm ith E x p e r i m e n t a l
Pure iron-nickel alloys ranging from 3 to 50 atomic % nickel were obtained from Dr Bradley, their purity and preparation being described before (Bradley & Goldschmidt 1939) . Measurements of <r, the magnetic saturation intensity per unit mass, were carried out a t various temperatures. High magnetic fields (~ 16,000 gauss) were used since the values of <x so observed are independent of physical properties and depend only upon the phases* of the ferromagnetic material. As will be seen, curves of c ra s a function of the temperature lend thems to an exhaustive examination of the phases present in a ferromagnetic specimen. The experimental determination of the intensity ^temperature variations was the same as used before (Pickles & Sucksmith 1940 ) and a detailed description of the apparatus and method has been given in an earlier paper (Sucksmith 1939) .
As a preliminary heat treatm ent the specimens were kept a t 1000° C for 4 hr. and subsequently quenched in water. They were then cooled to -180° C for 48 hr. The rapid quenching ensured th a t all the alloys were left in a pure single phase state, those below 33 % Ni coming into the body-centred cubic a-state, only the Ni richer alloys remaining in the face-centred y-state. This quenched state formed the most suitable basis for further annealing experiments, because it left the greatest possible p art of the range of alloys in the a-state, and only the a-lattice shows perceptible changes after reasonable times of anneal a t the low temperatures employed in this work. Specimens left in the y-state show no change towards equilibrium, even after prolonged times a t these temperatures. I t was found th a t the rate of quenching from 1000° C influences the resulting a-lattice and further th a t the previous method of air cooling did not yield sufficiently con sistent results owing to the dependence of the rate of cooling on the size of the specimen and heat capacity of the quartz tubes in which the specimens were sealed. I t seems reasonable to assume th a t this is due to the fact th a t specimens so cooled exhibit some separation into two phases whilst passing through the two-phase region, when diffusion is still comparatively easy, so th a t a good single-phase specimen can only be obtained by a3 rapid quenching as possible.
H eat treatm ents were" carried out a t various temperatures down to 325° C for suitable periods. For this purpose large thermostatically controlled electric resistance furnaces were used enabling the temperature to be maintained constant to within ± 2° C for periods of the order of months. For reasons explained later, most of the alloys were subsequently cooled once more to -180° C for 12 hr. Pickles & Sucksmith (1940) , using the magnetic method, showed th a t it was possible to detect the presence of two phases in some alloys after annealing. They determined the phase boundaries by comparing the magnetic properties of quenched and annealed alloys. In th a t case the method of fixing the a-boundary consisted in observing a change in magnetic saturation intensity a t room tem perature, any y-phase formed out of the original single-phase a-lattice being evident by a decrease in intensity. I t is pointed out by Pickles & Sucksmith th a t for the lower annealing temperatures this method is not so suitable, as such changes are very small. Furthermore the room temperature intensity even in the highest fields employed depends also to a certain extent on the rate of cooling, and generally on the state of purity of the phase. In the present work another method has been devised which is less sensitive to the conditions of quenching and does not depend on the observa tion of minute changes in intensity. I t has the additional advantage of giving the a-and y-phase boundaries simultaneously, even if the alloys have not reached complete equilibrium in the annealing treatm ent. This method is described below.
A magnetic study of the two-phase iron-nickel alloys 3 05 temperature (°C) F ig u r e 1. Intensity temperature curves of quenched alloys, (a) 23% Ni alloy, characteristic a-phase, (6) 50 % alloy, characteristic y-phase.
I t is known from previous work (Pickles & Sucksmith 1940 ) th a t a definite relation exists for each of the two lattice forms between the transition tem perature and the nickel content of an alloy. Figure 1 shows two typical cr-T curves for single-phase quenched alloys. Curve (a) was obtained for a 23 % Ni alloy;* this has an a-lattice and the graph shows the characteristic features of comparatively constant intensity at lower temperatures with a subsequent sharp fall towards the well-defined transition temperature a t 560° C. The non-reversibility of this transition temperature (Pickles & Sucksmith 1940) shows th a t an irreversible change into the y-phase has taken place. Curve (6), corresponding to a 50 % Ni alloy, illustrates the characteristics of a y-phase by the gradual fall of intensity with rising temperature and the ill-defined Curie point a t about 560° C. This transformation is purely magnetic and hence is reversible, the lattice retaining its structure throughout. The point is therefore a true Curie point. Such curves of well-quenched alloys are repeatable to a high degree of coincidence. Figure 2 is obtained by plotting the transition temperatures in the case of alloys in the a-phase, and the Curie points for y-alloys, determined from the cr-T curves of pure single-phase quenched alloys against their nickel content. Using figure 2 it is therefore possible to determine the percentage nickel of an unknown single-phase alloy from its <x-T curve. This relation allows the deter mination of the composition in the case of an a-lattice to within ± 1 % Ni and in the case of an alloy in the y-state, where the transition is not so sharp, to within ± 1 to 3 % Ni.
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F ig u r e 2. Curves showing relationship between magnetic transition temperature (a-phase), resp. Curie temperature (y-phase) and Ni content of an alloy.
For an alloy in the two-phase state the curve shows two transition tem peratures, the one by an inflexion in the curve and the second a t the point where the magnetization finally falls to zero. Examples of such alloys are given in figure 3 . Curve (a) shows a 16 % Ni alloy after 18 days a t 525° C. From 140° C upwards this curve takes the form for a single-phase (a) alloy. The dotted section below this temperature is the result of extrapolation. The difference between this and the experimental result is the effect of a y-component with a transition tem perature a t about 140° and is shown by the broken line curve (6). The Curie point of the y-phase is obviously not well defined bu t from figure 2 we deduce th a t the Ni content of this phase is about 27 + 3 % Ni. I f the same alloy, however, be cooled to -180° C for even a short period before examination, the Ni-rich phase will undergo an irreversible change to the a-structure without changing its com position, provided it contains less than 33 % Ni. This change is an allotropic transformation of the lattice and as the temperature is much too low to allow diffusion to take place, it is justifiable to conclude th a t the composition of the phase cannot alter. The resulting cr-T curve is th a t labelled (c) in figure 3. Here the transition temperature of the Ni-rich phase is sharp a t 520° C so th a t its com position can be deduced more accurately from the graphs of figure 2, i.e. ~ 26 % Ni.
In both cases the iron-rich phase follows the same curve, thus indicating th a t neither its composition nor its amount is altered by the cooling in liquid air. This fact is an additional indirect proof th a t the composition or amount of the other phase present cannot be affected by its irreversible allotropic change of lattice structure. In figure 3 only a few of the numerous experimental points are included for th e sake of clearness, but the others lie on the same smooth curve. Let us now assume th a t we anneal a set of alloys a t a temperature T until equilibrium is obtained. From the < x -T curves of these specimens the com position of the components after anneal can be determined with the aid of figure 2 and a graph can be plotted giving this composition as a function of the composition of the original single-phase alloy. From the following considerations we should expect the form of this graph to be th at shown in figure 4. In the region of com- Vol. 181. A. plete solubility of nickel in iron no segregation into two phases will have taken place and the alloy remains unchanged. The same will apply for the region of complete solubility of iron in nickel. In these cases the graph should therefore consist of straight lines through the origin, OA and BD respectively, making an angle of 45° with the axes. B ut in the two-phase region every alloy will have split up into a mixture of the two equilibrium phases. The nickel concentration of respective phases will be the same for all the two-phase alloys and only the amount of one phase relative to the other will be different in the various specimens. This will not affect the transition temperatures but only the relative intensities. The percentage Ni of original single-phase alloy F ig ure 5. Experimental relation b etw een Ni content of alloys before and after anneal. graph in this region should therefore show two horizontal lines A E and FB, and the points where these intercept the line OD, A and B, give the composition c0 and cx of the equilibrium phases a t the temperature T . For the accurate experi mental determination of cx it will be of advantage if the y-phase is irreversibly changed into the a-structure, by cooling in liquid air, as demonstrated before.
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This method of determining the equilibrium phase boundaries was employed for alloys annealed a t 525° C for 18 days, a t 420° C for 100 days and a t 365° C for 150 days. In figure 5 these results are shown and thus the phase boundaries deter mined for 525° C a t 9£ % Ni and 26| % Ni, for 420° C a t 12| % Ni and 32 % Ni, and for 365° C a t 15 % Ni and 34 % Ni respectively. The equilibrium diagram arrived at is shown in figure 6 . I t will be seen th a t the phase boundaries differ somewhat from those given by Pickles & Sucksmith, shown dotted in figure 6. The main difference is in the a-boundary, but as mentioned before, the previous method did not lend itself readily to the accurate determination of the a-boundary a t low temperatures. However as a check the a-boundary given by the above method was compared with th a t given by the earlier method of taking the room temperature intensities before and after annealing and observing the composition of the Ni poorest alloy which showed a fall of intensity after anneal. The a-boundary so determined is in good agreement with the newer method. The values found are between 7*6 and 9 % Ni for 525° C and between 12 and 13 % Ni for 420° C. These points are shown as crosses in figure 6 . At 365° C the changes in intensity were too small to be observed a t all. The y-boundary, however, agrees with the present results, with the exception of the point for 450° C, which was thought to be a t about 34 % Ni. Pickles & Sucksmith concluded th a t alloys annealed a t 450° C were reversible between room temperature and liquid air temperature and th at therefore the y-phase contains more than 33 % Ni, the limit of irreversibility. In the light of recent evidence, however, it appears likely th a t the earlier preliminary heat treatments may not have been adequate in eliminating the effects of previous history. In the present work a very large number of alloys were brought into the quenched state with great care and were subsequently annealed at these low temperatures. All alloys annealed at 450° C, even at 420° C, were found to be irreversible and this is in good agreement with the fact th at the y-boundary at these temperatures is now located below the limit of irreversibility, i.e. below 33 % Ni.
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In the curves of figure 5 a surprising feature is clearly borne out which, it is thought, throws light on the mechanism of phase segregation from the quenched state. I t will be seen th at although the fines in the two-phase field are in the main straight fines and allow a satisfactory determination of the equilibrium concen trations, they are not horizontal fines, as would have been expected. The alloys in this region have not split up into two phases with constant nickel percentages, but the concentration of the iron-rich phase is still a linear function of the con centration of the original single-phase alloy. The nickel-rich phase, however, is of constant percentage for all the two-phase alloys. This suggests th a t the process of segregation takes plaice by the y-phase crystallizing out in its equilibrium per centage whilst the residue continuously changes its composition until equilibrium is finally reached.* In the usual case of a two-phase alloy both equilibrium phases crystallize out of the original lattice until the whole of this is used up. If this had also been so in the present case, one would have expected to find the presence of three constituents in specimens where equilibrium had not been reached. Although many specimens were far from equilibrium when examined, in most cases only two constituents were present. The few remaining cases were all in the neighbourhood of 25 % Ni, where there is reason to suspect a superlattice in the a-phase. Experi ments were made to obtain definite information about a possible state of order in Fe3Ni; the magnetic changes are so small th a t they fail to yield definite informa tion. The fact th at only two constituents were found in all other cases, supports the hypothesis put forward above with regard to the process of attainm ent of equilibrium.
In order to test this hypothesis still further, and also to investigate the rate of approach to equilibrium, a second series of experiments was carried out. Speci mens with 16 % Ni were annealed for 2, 5, 9 and 18 days at 525° C. In each case only two constituents could be found. The nickel-rich phase had always the same composition, 26| % Ni, i.e. equilibrium percentage, and increased in amount, whilst the other constituent approached a percentage of 9 | % Ni with increasing time of anneal. Also these experiments therefore confirm the suggested mechanism of phase segregation.
T h e t i m e -t e m p e r a t u r e l a w
W ith the experimental material available it was thought possible to make an attem pt at estimating the rate of attainm ent of equilibrium. Assuming th a t the speed of approach to equilibrium of the uniformly changing a-phase is proportional * In a similar way, Gerlach (1936) showed the precipitation of one phase of Ni-Be in its final concentration with simultaneous uniform change of concentration of the residue. He also used the magnetic intensity at high fields, and later with Hammer (Gerlach & Hammer 1936) supplemented these measurements by experiments on the electrical resistance of the alloys. I t appears likely that a similar process occurs in other alloy systems.
to the difference of its composition from equilibrium composition, similar to radioactive decay, we can write dc (I) -= -= K Ti(c -cq), where c is the concentration after the time t of anneal and (Jbv c0 the equilibrium concentration a t Tv Assuming th a t the final state c0 is constant, K t is a function of the absolute temperature T only. We have thus, according to statistical considerations (II) K t -Ae~qlRT, where A is a constant of the dimension of a reciprocal time, the exact meaning of which is not yet correctly understood, and q is the activation energy in cal./mol., necessary for an atom to move in the lattice.
The assumption th a t the final state c0 is constant is not exact, but in view of the slow change of the a-equilibrium percentage with temperature, we can assume c0
A magnetic study of the two-phase iron-nickel alloys to be constant a t a first approximation. Furthermore, the crystallization of the y-phase is probably dependent upon the presence of crystallization nuclei, which may have some influence on the rate of attainm ent of equilibrium, and this in fluence is not taken into account. The above formulae are therefore to be regarded as giving a crude description of actual conditions. They can be used to estimate the time necessary for an alloy in the quenched state to approach equilibrium to a desired degree. From (I) by integration we see that when log ( c -c 0) is plotted against the time, the experimental points should lie on a straight line. These values allow the calculation of the ' half-value times i.e. the times in which the composition of the a-phase of an alloy changes half way from original to equilibrium composition; thus according to (I) and (II), if log t is plotted against 1/T for any given c -c0, in our case again a straight line would be expected. Figure 8 shows this graph for the four experimental temperatures. Here again the agreement of experiment and theory is satisfactory. I t is now possible to determine the values of A and q, which are ~ 109/day and 34,000 cal./mol. respectively. The value of A is smaller than th a t given by Dehlinger (1939) for Au-Ni, by a factor of I02, but in view of the sluggishness and slow rate of diffusion in the nickel-iron system, this is not surprising, since A is in some way connected with the frequency of an atom to change its place in the lattice, q is of the right magnitude. Jost (1937) gives values of 20,000 to 40,000 cal./mol. for the activation energy of intermetallic diffusion in mixed crystals with sub stitution lattices. Considering the approximate character of the suggested theory, the agreement can be regarded as satisfactory.
I t might be of interest to remark th a t according to this treatm ent it is possible to throw light on two experimental questions. The first is the time of anneal necessary a t 1000° C to bring an alloy into the single-phase state. I t is found th a t from the quenched state the alloy would be in complete equilibrium after 4 hr.
[(c-c0)~ 10~20], i.e. adequate time is allowed. I t seems, therefore, th a t the traces of two phases which were found in the earlier work after heating times shorter than 24 hr. a t 1000° C were due to the fact th a t the specimens in these cases were cooled too slowly. The second question of interest is th a t it is now possible to estimate the lower temperature limit a t which any observable changes in the alloys can be expected within periods th a t can be used in laboratory experiments. For instance, a t 300° C the half-value time would be about 40 years, a t 325° about 10 years. Indeed, specimens annealed a t 325° C showed no change after 6 months. I t seems therefore reasonable to state th a t the lower practical limit of temperature, where the equilibrium diagram of the system can be investigated by ordinary annealing experiments, has been reached in the present work.
I t should be emphasized once more th a t in all the experiments described above, the single-phase a-state was the original state of the alloys. Alloys th a t are left in the y-state need much longer times to change towards equilibrium. Alloys th a t are annealed from an intermediate two-pha3e state show very complex character istics, but in spite of this it is often possible to interpret their cr -T curves in terms of the above mechanism of segregation.
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